Abstract. Golden Sunlight mine is located northeast of Whitehall, MT. Two cover systems were installed on the west waste rock complex and tailings area in order to minimize water infiltration and acid drainage. The covers were designed to function as a store-release system and are composed of coarse and fine materials being 0.80 m thick on the waste rock and 1.8 m thick at the tailings area. In order to study the influence of thickness, material properties, vegetation and climate on the performance of the cover systems, a laboratory testing program was carried out to identify the properties of the cover at different depths. In addition, thermal conductivity sensors were installed at three field monitoring stations located on the waste rock dump and tailings area in order to evaluate the variation of suction in the cover profiles. These data were used to calibrate a numerical modeling program that assessed infiltration rates through the covers under different vegetation and climate conditions. The simulation results were used to correlate internal variations in grain size and hydraulic conductivity with cover performance in terms of measured suction profiles and infiltration rates.
Introduction
In arid and semi-arid climates, the design of store-release cover systems has proven to be the most efficient method to reduce acid drainage. Nevertheless, the performance of this type of cover system is strongly associated with the presence of vegetation, the properties of the material used to construct the cover and the thickness of the cover itself (Durham et al. 2000 , Williams et al. 2003 . The influence of these parameters becomes most important during wet and extreme wet years, and different configurations must be attempted to optimize the performance of the cover system. This paper presents the results of a three year research program carried out on the Waste Rock Dump and Tailings area at the Golden Sunlight Gold Mine located northeast of Whitehall, MT in a semi-arid climate. The research aimed to evaluate the current and long term performance of the store-release cover system installed at both locations, as well as to predict the performance of the cover systems during typical, wet and extremely wet years, along with different vegetation conditions. The covers were designed to store rainfall and snow melt, and release it through evapotranspiration after the rainy season. The main objective of the store and release cover system was to prevent water infiltration through the rock piles and minimize the generation of acid drainage.
A laboratory testing program was carried out on the soil cover, waste rock and tailings materials. Field monitoring stations were installed to monitor matric suction and temperature. The results were used as input for numerical modeling, which in turn was used to evaluate current and long-term performance of the cover systems.
Site Description
The Golden Sunlight Mine is owned by Placer Dome Inc. and operated by Golden Sunlight Mines Ltd. The site is located in Jefferson Country, Montana, near Cardwell at approximately 46 degrees north latitude (Fig. 1) . Gold ore is extracted from open pits and waste rock from the open pits is stored in waste rock dumps deposited by end dumping.
The site is located in arid climate with average annual precipitation of 243 mm occurring throughout the year; while average annual pan evaporation being much higher, reaching 1048 mm. Average maximum temperature of 26ºC occurs in July; and average minimum temperature in January is -15ºC.
A layered cover system has been proposed and installed on inactive waste rock dumps and tailings area. On the waste rock dump the cover consists of approximately 80 cm of cover soil, while on tailings the cover consists of a 1 meter thick layer of oxidized waste rock material, overlain with 60 cm of cover soil, and topped with 20 cm of local soil. A vegetative cover provides the final component of the cover systems for protection against wind and water erosion. The vegetation is also designed to reduce both moisture and oxygen flux through root water and oxygen uptake. The characteristics of the cover systems materials are described in the followings sections.
The tailings impoundment 1 has surface area of approximately 187 acres, and preliminary reclamation works started in 1994 with the construction of test plots. Reclamation works began effectively in 1997, with completion of final soil capping occurring in 1999, and the entire surface being seeded in 2000.
At the East waste dump, sloping of the reclamation areas began in 1995. Some acreage was seeded in 1996 and the remaining areas were completed in 2000. Approximately 124 acres of the East dump have been reclaimed, but the mine is still using the East dump for waste rock disposal, and conducting concurrent reclamation.
Figure 1. Location of the Golden Sunlight Mine

Materials and Methods
Laboratory Testing Program
A laboratory testing program was carried out on 18 samples of the soil cover, waste rock and tailings materials. At the waste rock dump, samples were collected from two test pits excavated adjacent to the main and satellite sensors location. Five bulk samples of material were obtained within the cover profile from 0 to 86 cm depth, and 7 samples of the underlying waste rock were obtained from 90 cm down to 180 cm. At the tailings area samples were obtained from selected test pits across the tailings facility cover. Five samples were obtained within the cover system from 0 to 180 cm, and one sample of the underlying tailings was collected.
Samples were characterized by grain size, saturated hydraulic conductivity and specific gravity. In addiction, the soil water characteristic curve of the samples was estimated by using the software SoilVision v.3.34 (SoilVision Systems Ltd., 2004) .
The grain size tests were performed using mechanical sieve and hydrometer analysis according to the ASTM standard D422-63.
The hydraulic conductivity of the samples was determined by performing a falling head permeability test using a 10.5 cm height and 14.5 cm diameter stainless permeameter; following the procedures described in the ASTM standard D5856-95.
The Specific gravity and water contents were determined according to the ASTM Standards D854-02 and D2216-98.
Field Instrumentation
In 2001, Golden Sunlight mine determined to install instrumentation on the cover systems constructed on the waste rock dumps as well as the Tailings Impoundment No. 1. Two monitoring stations were installed on the waste rock dump and tailings area to evaluate the variation in matric suction with time and to monitor temperatures in the covers profile by means of thermal conductivity sensors (TC sensors). Thermal conductivity sensors are composed of a heating element and a temperature measurement device encased in a ceramic body. Matric suction outside the sensor is determined indirectly by using a calibrated relationship between output of the temperature sensing device, and the matric suction applied to the exterior of the sensor (Fredlund D.G. 1992) . The use of TC sensors has become more common because they provide long term measurements without the need of regular maintenance (O'Kane et al. 1998 , Marjerison et al. 2001 , Nichol et al. 2003 ).
The monitoring station at the waste rock facility was installed in November, 2001, and consisted of five sensors installed in a test pit immediately adjacent to the monitoring station at the up-hill edge of the bench (Main location), at depths of 20, 75, 106, 123 and 176 cm. At the tailings area, the monitoring station was also installed in November, 2001 and consists of five TC sensors installed at 23, 45, 78, 105 and 145 cm in depth.
In addiction to the TC sensors data, weather data were obtained from a weather station located northwest of the reclaimed Tailing Impoundment #1. At the site, wind speed, peak wind gust, wind direction, air temperature, relative humidity, and precipitation can be monitored.
Numerical Modeling
Numerical modeling was used to evaluate the performance of the cover systems installed on the waste rock and tailings. The modeling was carried out by using the one-dimensional finite element model SoilCover (Unsaturated Soils Group, 1997) . Input data were obtained from different sources: weather data from the weather station at the mine site, suction and temperature values from the TC sensors at the monitoring stations and, material properties obtained from the laboratory testing program.
The model was used to predict the performance of the cover systems under three different climate conditions based on an 18-year return period. a typical year, a wet year and an extreme wet year were considered. Furthermore, taking into account the great importance of vegetation in the evapo-transpiration process (Van Haveron and Brown, 1971, Saxton k., 1982) , the effect of vegetation was also considered. The model accounts for the effects of canopy cover, root depth and density, and water stress. Four cases were simulated: no vegetation and, vegetation at poor, good and excellent condition. The model uses different leaf area index functions to differentiate each vegetation condition, and the efficiency of the numerical algorithm was experimentally proved by Trach (1995) . The climate and vegetation parameters used are presented in Table 1 , and Fig. 2 shows the configuration of the profiles simulated for the waste rock dump at the main and satellite monitoring stations, and for the tailings area. The simulations spanned a period of 214 days from April 1 st to October 31 st . The snow melt runoff was assumed to occur between April 1 st and April 15 th . It was also assumed that the snow pack accumulated from October 31 st in the previous year to April 1 st of the year modeled.
Two sets of simulations were performed using different initial suction profile. For the first one, the initial suction profiles at tailings and waste rock were calculated by the SoilCover Model. Another set of simulations was carried out for the main station location at the waste rock dump. In this second group, the actual suction profile measured by the TC sensors on April 1 st , 2003 were used as initial suction input. It was important to use real TC sensors measurements as well as calculated suction data, to allow for a comparison between the two different methods.
Results and Discussions
Laboratory Testing Program
Grain Size Analysis. The grain size distribution of the cover systems and waste rock materials at the main and satellite locations are shown in Fig. 3 and 4. Figure 3 shows that all cover material samples present a similar trend of grain size distribution except for the first layer at the satellite location (WRS1), which is markedly coarser. All samples present more than 50% gravel and cobble, with the coarsest layer presenting 69% gravel and cobble.
From Fig. 4 it can be seen that the waste rock material become coarser in depth and this is associated with migration of finer material from the cover above into the shallow waste rock. After this 40 to 80 cm transitional zone, the grain size of the waste rock is noticeably coarser than the cover materials.
For the tailings area, the results showed that although the cover system is made up of finer particles than at the waste rock dump, the variation of grain size distribution among the layers in the tailings area is greater. From Fig. 5 , it can be seen that the first two layers in the profile down to 45 cm in depth present very similar curves. These layers are underlain by a finer one that goes to 80 cm, and then two coarser layers of oxidized rock down to 180 cm in depth complete the cover profile.
Saturated Hydraulic Conductivity. The saturated hydraulic conductivity (Ksat) of the cover systems, waste rock and tailings materials is presented in Fig. 6 . For the cover system at the waste rock dump, the first layer at the satellite location (WRS1) presented the highest Ksat among the samples tested, with a value of 6.2 x 10 -4 cm/s. This is compatible with the grain size distribution presented in the former section. The higher permeability of this layer allows water to infiltrate faster into the cover system and makes ponding or runoff less probable. Since the underlying layers are less permeable, water infiltrating into this first layer will tend to accumulate until saturation occurs. After that, the water may either infiltrate into the lower layers or form ponds on the surface, depending on weather conditions. The Ksat of the lower materials at both locations were very similar and ranged between 2.4 x 10 -4 and 1.4 x 10 -4 cm/s.
At the tailings area, the surface materials have lower Ksat values than at the waste rock dump. The first sample of the tailings cover system (TPB51 at 15 cm depth) has a Ksat of 7.3 x 10 -5 cm/s, which is approximately 3 to 8 times lower than the surface samples at the main and satellite location at the waste rock dump. From the surface to about 80 cm depth, the Ksat of the tailings cover system remains below the values found at the waste rock dump for the same depths. The finer constitution of the upper material at the tailings cover system causes the water to be held longer than at the waste rock site. This is favorable to the tailings cover performance, because the unsaturated hydraulic conductivity of the material remains close to the saturated 1.E-05
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Sample K sat (cm/s) Figure 6 . Saturated hydraulic conductivity of the cover systems, waste rock and tailings. Red marks are cover materials and black marks are waste rock and tailings.
value, even when the suction increases as the material dries out. The tailings cover is completed by two layers of oxidized rock from 80 cm down to the bottom of the cover system (180 cm), and the Ksat in this zone increases between 7 and 10 times as much as compared to the upper layers. These values reflect the coarser constitution of the oxidized rocks as presented in the former section.
Soil Water Characteristic Curves. The soil water characteristic curve of the samples was estimated by using the software SoilVision v.3.34. Figures 7a and 7b show the estimated soil water characteristic curves for the waste rock dump, as well as for the tailings area.
The results showed that the air entry value (AEV) of all samples at the waste rock dump, including both the cover system and the waste rock, is close or less than 1 kPa, influenced by the predominance of coarse particles in the entire profile. For the tailings cover, the AEV's for all samples are higher than the waste rock dump reflecting the finer constitution of the material. From Fig. 7b it can be seen that the curve for the tailings sample TPB56 is steep, revealing its sandy constitution and higher homogeneity as compared to the other samples. This sample's AEV at 0.7 kPa is also the smallest among all the samples in the tailings area, which, in general, present an Air Entry Value between 2 and 6 kPa.
Thermal Conductivity Sensors
The results of calculated matric suction measured by the TC sensors at the waste rock and tailings areas from October 2002 to November 2004 are presented in Fig. 8 and 9 . Figure 8 shows that all sensors at the main test pit on the waste rock site presented a decreasing suction between March and June associated with scatter rainfall events. The sensors results also showed that the cover dries out during the remainder of the year raising the suctions again. The 20 cm sensor presented the largest variation in suction among all of the sensors, revealing that the greatest water flux occurs near the surface rather than at depth, where the variation in suctions is less accentuated (106 and 129 cm deep sensors). It should be noted however, that the plant roots also play an important role in drying out the upper portion of the cover system.
The TC sensors at the tailings area shown in Fig. 9 also indicated periods of drying and wetting associated with the rain/snow melt and drying seasons (Fig. 8) . The upper 45 cm sensor did not show an expressive variation in suction like the top sensor at the waste rock site. This difference is associated with the finer constitution of the surface material at the tailings cover system, which retains water longer and has a greater potential for moisture storage and release than the coarser cover material at the waste rock site. 
Numerical Modeling
Results from calculated initial suction profiles. According to the simulations using the initial suction profile calculated by the model, the infiltration through the cover system at the waste rock dump is strongly influenced by the presence and the condition of the vegetation. Figure 10 shows the variation in infiltration for the different vegetation and climate conditions analyzed.
For all climate conditions analyzed, infiltration decreases as the vegetation varies from the "no-vegetation" to the "excellent" condition. For "poor" vegetation, the simulations indicate an infiltration of about 4%, versus the estimated 15% for the case where the "no vegetation" condition is used. When "good" vegetation is used, infiltration approaches zero for all years, and is negative when "excellent" vegetation is established, even during a very wet year. At the satellite location on the waste rock dump, the vegetation was assumed to be in poor condition during typical years, good during wet years, and excellent during very wet years. The results showed an infiltration even lower than that at the main station, with about 2% for typical dry years and poor vegetation, 0.5% for wet years with good vegetation, and no infiltration (0%) for very wet years with excellent vegetation.
For the tailings area, the thicker cover systems and the finer material caused water infiltration to be less dependent on the vegetation condition. However, as can be seen in Fig. 11 , it is still necessary to establish vegetation to ensure a good performance for the cover. Simulations showed that for the "no vegetation" condition, the infiltration rate would be about 2% during typical dry years, and around 5 to 6% during wet and very wet years. If vegetation is established, even in poor condition, the simulations showed that no infiltration would happen no matter what the climate considered. In fact, when vegetation is present, the results point to a negative net infiltration. Negative infiltration is only possible if adequate moisture is available within the cover profile. A net negative water balance will lead to continued drying until evapotranspiration becomes moisture limited and thus net negative fluxes will tend to zero.. Results using the April 1 st , 2003 TC sensors suction profile. When the April 1 st , 2003 measured profile was used as model-input to simulate the infiltration in the waste rock dump at the main station, the results showed a small amount of infiltration through the bottom of the cover system (0.8 m in depth), but also revealed the existence of upward flux from the material 1 meter below the cover. Table 2 summarizes the calculated total infiltration through the two boundaries. It was considered poor vegetation condition for typical dry years, good vegetation for wet years, and excellent vegetation for the very wet year case study.
Combining the simulated downward (positive) and upward (negative) infiltration values shown in Table 2 , it can be noticed that infiltration through the waste rock pile would happen only during atypical wet years, and the amount of infiltrating water would be very small (1.8 mm). A comparison between the infiltration occurred through the bottom of the cover, and through the bottom of the simulated profile (1 m below), shows that the negative upward flux is greater then the downward flux from the bottom of the cover system. This suggests that, although some infiltration might occur through the bottom of the cover system, infiltrated water would not actually continue to move down through the waste pile, since one meter below the total upward flux is higher. Thus, according to the simulations, although some small infiltration might occur through the cover system, the final flux direction is upward from the waste rock material to the cover. This suggests the existence of different hydraulic heads along the profile, which govern the direction of the flux. The pattern of different hydraulic heads that arises from the modeling is confirmed by the actual TC sensors data at the waste rock main monitoring station and tailings. Figures 12 and 13 present the calculated hydraulic head at different depths, based on the measured matric suction values.
At the waste rock dump, the higher head observed at 75 cm (approximately the bottom of the cover system) causes the flux to move down to 106 cm in the waste rock, while the higher head observed at 129 cm causes the flux to be upward to 106 cm. The simulations showed that the combination will result in upward flux from the waste rock to the cover material.
At the tailings, the same pattern of infiltration is suggested by the estimated hydraulic head profile in the cover system. Figure 12 shows that the hydraulic head at 75 cm is the lowest among all sensors, while it is the highest value is found at 45 cm. This suggests that water flows downward from 45 to 75 cm and upward from 106 to 75 cm. As the head at 23 cm is also lower than at 45 cm, it indicates an upward flow from 45 cm to the surface but, in this case, the flux is likely to be influenced by the presence of vegetation.
The simulations and the field instrumentation suggest a complex mechanism of infiltration where the flux in the profile takes opposite directions depending upon the hydraulic head existing at different depths. The variation in hydraulic head is directly associated with the grain size distribution and the water contents of the materials at different depths.
Conclusions
Based on the laboratory testing program, field instrumentation and monitoring program, together with the numerical modeling carried out on the cover systems for the waste rock dump and tailings area, the following conclusions are presented.
The three-year monitoring program to evaluate suction variation in the cover systems installed on the waste rock dump and tailings area, showed that the cover materials are storing water during the rain fall events and dessicating when the dry season starts. This behavior was predicted, and indicates that the store-release covers are working properly. The sensors also Figure 13 . Calculated hydraulic head for the cover system profile at the tailings area using actual TC sensors data.
showed that most of water movement occurs close to the surface, and less moisture variation is observed at the lower part of the covers. The vegetation existing on the covers is assumed to play an important role to control water infiltration.
The numerical modeling showed that very small infiltration might occur through the cover systems at the waste rock site, while no infiltration is expected at the tailings area. The results suggest the existence of a complex mechanism of infiltration governed by the material properties and water contents in the profile, with downward and upward flux happening at different depths. The results showed that although small infiltration may occur through the bottom of the cover at the waste rock dump, the final water flux tends to be upward. This implies that superficial infiltrating water may not advance into the waste rock pile.
The simulations indicated that the vegetation condition is of utmost importance to ensure a good performance for the store-release cover systems. At the waste rock dump, no infiltration is expected if good vegetation is established. At the tailings area, the presence of vegetation, even at poor condition, is sufficient to prevent infiltration. The thicker cover system at the tailings area composed of finer material is less dependent on the vegetation.
The use of measured actual material properties as well as actual information from field instrumentation is of paramount importance to calibrate and confirm the results obtained from numerical modeling.
